Although Cyberlindnera fabinaii is a rare opportunist yeast species, its ability to cause septicemia, produce biofilm, and rapid acquisition of resistance to fluconazole and voriconazole, reinforced the urge for its identification from its closely related species. Widely used biochemical assays mainly identify Cyberlindnera fabinaii as Cyberlindnera jadinii and Wickerhamomyces anomalus, resulting in underestimation of this yeast in clinical settings. Moreover, the urge for a reliable molecular means of identification remains unsolved for 28 years. In order to unequivocally differentiate Cy. fabianii, Cy. mississipiensis, Cy. jadinii, and W. anomalus, we designed a dual-function multiplex polymerase chain reaction (PCR) assay. Challenging our dual-function multiplex PCR assay with 30 most clinically important yeast species, proved its specificity. Although conventional PCR could differentiate four target species, the real-time PCR counterpart due to Tm overlap misidentified Cy. mississipiensis as Cy. jadinii. Alongside of presenting a comprehensive literature review of published cases of Cy. fabianii from 1990 to 2018, we collected various clinical isolates from Tehran, Shiraz, and Fasa (July 1, 2017, to December 31, 2017 to find a passive relative distribution of these closely-related species in Iran. Subjecting our Iranian collection of yeast isolates to matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) MS and LSU and ITS rDNA sequencing revealed six isolates of Cy. fabianii (central venous catheter n = 2 and vaginal swabs n = 4) and one isolate of C The Author(s)
Introduction
Candida species are associated with 10-15% causes of nosocomial candiduria 1 and considered as the fourth common cause of nosocomial bloodstream infections. 2 Although C. albicans is still the most frequently isolated opportunistic yeast species, the dynamic nature of epidemiology shows a shift toward a growing number of rare yeast species. 3 Candida fabianii (Cyberlindnera fabianii) is an uncommon and rare ascomycetous opportunistic yeast species with low virulence attributes. 4 However, it has been shown that this emerging yeast species can cause invasive bloodstream infections. [5] [6] [7] Another significant microbiological factor of Cy. fabianii is its ability to form antifungal resistant biofilms. 7 Alarmingly, previous studies reported that Cy. fabianii has the potential to develop resistance to different antifungals, including fluconazole, voriconazole, caspofungin, and amphotericin B. 4, 7, 8 Moreover, fluconazole prophylactic treatment of infection caused by Cy. fabianii can lead to a 50% failure outcome 8 and may cause fatal septicemia. 5, 9, 10 When subjected to commercially available biochemical assays (ID-32 C, API 20 C Aux, Vitek2 YST Card, and Vitek2 Compact), Cy. fabianii is usually misidentified as Cy. jadinii or Wickerhamomyces anomalus, 4, 5, [11] [12] [13] [14] leading to underestimation of this yeast in clinical settings. However, using molecular identification, it was revealed that the prevalence of Cy. fabianii was 10 times higher than W. anomalus and approximately 37 higher than Cy. jadinii. 14 Furthermore, susceptibility testing seems to be different between Cy. fabianii, Cy. jadinii, and W. anomalus species, 14 hence, developing a specific multiplex polymerase chain reaction (PCR) assays for accurate identification to the species level is important. Here, we described the first Iranian cases of Cy. fabianii from central venous catheter (CVC) and vagina, performed a systematic literature review to identify clinical and mycological features associated with Cy. fabainii, and designed a dual-function multiplex PCR that can be utilized in both conventional and real-time PCR platforms. Using SYBR Green I-based real-time PCR assay, Cy. fabianii, Cy. jadinii, and W. anomalus, and using conventional PCR aforementioned species and Cy. mississipiensis were unequivocally identified.
Methods

Epidemiology and clinical profile
Case reports and epidemiological studies reported Cy. fabianii were systematically searched from Pubmed and Google scholar (searching date: 8 August 2008). The key words for our search were "fabianii" and "infection," without any limitation in language or date. All the titles and abstracts were checked, and fulltext of related papers were studied for further evaluation. All cases have been confirmed by culture, and appropriate diagnostic tools such as matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) MS or DNA sequencing for species identification (also for epidemiological studies), except for the first clinical isolate of Cy. fabianii in 1990, as it was identified by API 20 C and appropriate complementary mating type assays. Table S1 ). Moreover, clinical isolates of Cy. fabianii (n = 6) and Cy. jadinii (n = 1) obtained from this study were included in the sensitivity and specificity testing of our PCR assays. CBS reference and type strains were cultured on GYPA plates for 48 hours at 25
Isolates and conditions
• C. Central venous catheters and vaginal swabs were struck on Sabouraud dextrose agar and CHROMagar media, followed by incubation at 37
• C for 24-48 hours.
MALDI-TOF MS
The initial identification of clinical isolates were carried out by MALDI-TOF MS. 15 Scores ≥2 were considered as reliable identification.
Sequencing
Definitive identification of target species was carried out by Sanger sequencing of ITS and LSU of rDNA domain using (ITS1 and ITS4) and (LR5 and LROR) primers.
16
DNA extraction, quality and quantity assessments
One full loop of pure colonies (10 μl) were subjected to the DNeasy Blood and Tissue kit and DNA extraction was performed according to manufacturer's protocol. In the last step of 
Primer design
In order to design specific primers for Cy. fabianii, Cy. mississipiensis, W. anomalus, and Cy. jadinii, ITS1-5.8s-ITS2 rDNA loci of target (along with sequences derived from our isolates) and nontarget species were obtained from NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi), sequences were aligned by MEGA software v7.0, and primers were positioned in the most stable and specific regions to ensure successful amplification of target species from various genotypes and to minimize the risk of cross-reaction with the other species. One universal primer and five species-specific primers were designed ( Table 1) . The primer properties were evaluated by the IDT Oligo analyzer on-line software (https://eu.idtdna.com/calc/analyzer). Primers were manufactured by the IDT Company (Integrated DNA Technology, Leuven, Belgium).
Conventional PCR reactions
The multiplex PCR assay was utilized in both conventional and real-time PCR machines. For the conventional PCR, reactions were adjusted at 50 μl as follows: 39 μl MiliQ water (Merck Millipore, Billerica, MA, USA), 5 μl 10 × buffer, 1. 
Specificity and sensitivity testing
A panel of 70 CBS reference strains comprising 30 clinically related yeast species were used for the specificity testing (Supplementary Table S1 ). In order to draw the standard curve, 10 log serial dilutions of DNA samples starting from 10 000 cfu/μl and ending at 10 cfu/μl were prepared in duplicate for each target species. Sensitivity, reproducibility, and the efficiency of the multiplex PCR were obtained from the standard curves.
Antifungal susceptibility testing
Antifungal susceptibility patterns of Cy. fabianii and one isolate of Cy. jadinii were determined by recommended protocol of Clinical and Laboratory Standards Institute (CLSI) M27-A3 and M27-S4 documents). 17 The following drugs were included:
itraconazole (Janssen Research Foundation, Beerse, Belgium), voriconazole (Pfizer, Central Research, Sandwich, UK), fluconazole (Pfizer, Groton, CT, USA), anidulafungin (Pfizer, Central 
Results
Literature review of cases
Using the literature review we identified 39 detailed cases (supplementary Tables S2 and S3 ). The global distribution of infectious caused by Cy. fabianii is shown in Fig. 1 . The majority of the cases clustered in Western Europe and the Middle East (Fig. 1) . Patient characteristics including demographic, clinical information, and microbiological findings are presented in supplementary Tables S2 and S3. The majority of the cases (35/39; 89.7%) were published after 2010. Small differences in terms of sex were observed (male/female = 16/21). A high proportion of patients were neonates (<1 month, n = 17), followed by adults (≥17 years, n = 15), infant (>1 month and <1 year, n = 2), and children (>1 year and <18 years, n = 4). Fungemia is the most common infection caused by Cy. fabianii (23/39, 59.0%), followed by funguria (n = 4), prostatitis (n = 1), endocarditis (n = 1), meningitis (n = 1) and peritonitis (n = 1). Catheter insertion was performed in 18 cases, from which seven of them showed growth of Cy. fabianii. From the 17 cases of the neonates, 13 of them were preterms. 13 cases had a history of exposure to antibiotics before the manifestation of infections. Post-surgery histories were observed for 12 cases. Five cases were reported with cancer. Other risk factors included steroids exposure, dialysis, leukopenia, mechanical ventilation, posterior urethral valve, and malnutrition.
The most frequently used identification kits were API kits (n = 21) or the VITEK system (n = 14) but in all cases failed to correctly identify Cy. fabianii. However, subjecting misidentified cases to either MALDI-TOF or sequencing resulted in accurate identification.
Antifungal susceptibility testing showed 16.7% (3/21), 12.5% (1/11), 8.3% (1/15), and 12.5% (2/19) resistant rates for fluconazole, itraconazole, voriconazole, and amphotericin B, respectively. No resistance to anidulafungin and flucytosine, were observed. The overall mortality for all included cases was 23.1% (9/39).
As Cy. fabianii, Cy. jadinii, and W. anomalus are easily misidentified by phenotypic and biochemical assays and in order to obtain a clear image about the epidemiology and distribution of Cy. fabianii, papers that utilized MALDI-TOF or sequencing for identification were further investigated (Supplementary Table S4 ).
MALDI-TOF and Sanger sequencing results
From July 1 2017 to December 31, 2017, six isolates of Cy. fabianii and one isolate of Cy. jadinii were recovered from central venous catheters and vaginal samples. Sanger sequencing using D1/D2 LSU and ITS rDNA domains and MALDI-TOF MS were 100% in agreement with each other. Isolates of Cy. fabianii were recovered from central venous catheter (n = 2) and vaginal swabs (n = 4), and the isolate of Cy. jadinii was obtained from vaginal swab.
Antifungal susceptibility testing
Supplementary Table S5 summarizes the MIC values of the tested antifungal drugs against six clinical strains of Cy. fabianii and one isolate of Cy. jadinii. All strains of Cy. fabiani had low MICs for anidulafungin, followed by itraconazole and voriconazole, whereas the least active drug was fluconazole. Among the antifungal drugs, fluconazole exhibited the highest MIC value that ranged from 1 to 8 μg/ml, followed by amphotericin B (MIC range 0.016-2 μg/ ml), voriconazole (MIC range 0.016-1 μg/ml), and itraconazole (MIC range 0.063-1 μg/ml. All Cy. fabianii and Cy. jadinii isolates were susceptible to anidulafungin (MIC = 0.006 μg/ ml). The MIC value of fluconazole against three isolates of Cy. fabianii (two from CVC and one from vagina) was >3 log3 higher than that of the other isolates.
Conventional multiplex PCR results
Subjecting genomic DNA samples of Cy. fabianii (n = 14), Cy. jadinii (n = 11), W. anomalus (n = 13), Cy. mississipiensis (n = 2) to our multiplex PCR resulted in amplicons of 84 bps, 176 bps, 235 bps, and 320 bps, respectively ( Fig. 2A) . All four target species could be distinguished and identified unequivocally. Subjecting CBS 7232 (reference strain of Cy. jadinii) to our multiplex PCR resulted in negative amplification. Further identification by MALDI-TOF and Sanger sequencing identified this strain as Meyerozyma guilliermondii. As a result, designation of CBS 7232 in the collection department of Westerdijk Institute was corrected. Challenging our conventional multiplex PCR with DNA samples of 30 clinically important yeast species, showed 100% specificity for our conventional PCR assay.
Multiplex qPCR results
Primers utilized for the conventional multiplex PCR were subjected to a SYBR Green I-based qPCR assay. Distinctive melt temperatures of 77.62 ± 0.19
• C, 80.48±0.2
• C, 81.38 ± 0.23
and 81.56 ± 0.38
anomalus (n = 13), Cy. jadinii (n = 11), Cy. mississipiensis (n = 2) (Fig. 2B) . However, the melting Tm of Cy. jadinii showed an overlap with that of Cy. mississipiensis. As a result, the specific primer of PR-Missi was withdrawn from the multiplex reaction to unequivocally identify Cy. jadinii (as the former species is not clinically important). Challenging our multiplex PCR with a specificity test set, resulted in minor cross-reaction at higher Ct values of 25 and 30 with the DNA of Pichia kudriavzevii (Candida krusei) and M. guilliermondii (Candida guilliermondii), respectively ( Supplementary Fig. S1 ). However, by adjusting the threshold at a Ct of 22, target species of Cy. fabianii, W. anomalus, Cy. jadinii were reliably identified (100 cfu), and crossreaction with other clinically important yeast pathogens was not observed. Subjecting 1 ng DNA of the mistakenly designated reference strain of CBS 7232 to our multiplex qPCR resulted in amplification at a Ct value of 30, while the rest of DNA of Cy. jadinii were amplified at a Ct value of 14, which was in concordance with results obtained from the conventional multiplex PCR, MALDI-TOF MS, and Sanger sequencing. Regarding the reproducibility, five runs in three consecutive days generated an average R 2 value of 0.99 for all target species, demonstrating a high reproducibility of our qPCR assay ( Supplementary Fig. S2 ).
Discussion
Using MALDI-TOF MS and sequencing of ITS and LSU rDNA, we identified six isolates of Cy. fabianii (n = 4 from vagina and n = 2 from CVC). One of our patients was suffering from acute myeloid leukemia (AML), end-stage renal diseases, hypertension, and diabetes mellitus, and the other one had severe trauma and subsequently underwent surgery (both CVC isolates). Concordant with previous studies, AML, severe trauma and surgical interventions are risk factors for development of invasive candidiasis. 19 Investigating published case-reports showed that the main risk factors associated with the acquirement of Cy. fabianii infection are attributable to previous exposure with antibiotic therapy followed by central venous catheter insertion, low birth weight, surgery, cancer, neutropenia, chemotherapy, and renal failure. In our study, four patients with vaginitis did not have any underlying diseases, and they were all immunocompetent. Review of cases revealed that there were four cases of funguria with Cy. fabianii, and all of them suffered from underlying conditions. 4, 8 Data mined from literature review in agreement with the presumption that infections pertained to Cy. fabianii are mainly linked to neonates, 20 revealed that the majority of the infections were acquired by neonate (< 1 month), followed by adults with the age of ≥17 years and the range of 17-87 years, and infants with the age of <1 year (8%). On the contrary, all of our cases were >18 years, which is in agreement with the Cy. fabianii isolate (obtained from sputum) previously reported from Iran, from a 69 year-old man. 21 Although Cy. fabianii features a wide range of clinical syndromes, ranging from fungemia and funguria to meningitis, fungemia with the highest proportion (59%), is considered as the most prevalent clinical complication caused by this opportunistic yeast species. Antifungal susceptibility pattern of our isolates exhibited the highest MICs for fluconazole, followed by amphotericin B, which is in agreement with previous reports. 4 In agreement with previous study (12) , 100% of our isolates of Cy. fabianii (n = 6) were susceptible to anidulafungin. For treatment of Cy. fabianii, fluconazole was the most widely utilized drug followed by different formulation of amphotericin B, caspofungin, and flucytosine. Regarding the efficacy of antifungal drugs for clearance of infection, studies suggested a combination of fluconazole with liposomal AMB or caspofungin or removal of central venous and urinary tract catheter. 8 In addition, treatment with anidulafungin led to successful outcome for all patients infected with Cy. fabiani. 12 In our cases, one of the patients died despite of treatment with AMB. However, death could not be linked to failure in treatment as the patient suffered from other serious background diseases. Treatment of the second patient (with trauma and surgery) with AMB resulted in successful outcome. Patients suffering from vaginitis (n = 4) were all successfully treated with topical clotrimazole and fluconazole. In order to overcome the persisting challenge of misidentification of Cy. fabianii, we developed a dual-function multiplex PCR. Our multiplex PCR showed 100% agreement with sequencing and MALDI-TOF MS. Although a previous study described a singleplex PCR that could only detect Cy. fabianii, authors utilized limited number of yeast species for specificity testing. 8 However, our assay first tested with a broad range of yeast species and second is a multiplex PCR targeting Cy. fabianii, Cy. mississipiensis, Cy. jadinii, and W. anomalus. MALDI-TOF and Sanger sequencing can definitively identify these three clinically important yeast species, but these devices are usually not available in routine clinical microbiology laboratories, and they are either expensive and/or require highly trained personnel to perform the experiments. 22 Although MALDI-TOF MS compared to PCR requires less expenses per reaction, high costs with the initial purchase along with the maintenance cost prevent installation of this platform in routine laboratories with financial constraints. 23 Currently, PCR as an affordable and reproducible device has been exploited in the form of a supplementary identification tool in routine laboratories of developing countries. 24 Moreover, advances in PCR machinery allowed investigators of low-resourced countries to construct their own home-made PCR machines using the most basic off-the-shelf appliances with an exceptional efficiency that costs only 150 US dollars. 25 In contrast, MALDI-TOF MS correctly identified 163 and 222 isolates of Cy. fabianii that previously using API ID 32C kit were misidentified as W. anomalus and Cy. jadinii. 13, 14 Obtaining these erroneous results can lead to a concealed image of epidemiology for Cy. fabianii. 13 Different epidemiological studies that used either MALDI-TOF MS or sequencing for identification, showed that Cy. fabianii, although with a low rate, but consistently is isolated, while W. anomalus and Cy. jadinii were identified in three and one of the studies, respectively. 9, 21, [27] [28] [29] [30] [31] In our study, we found six isolates of Cy. fabianii, one isolate of Cy. jadinii, and no W. anomalus. Due to the growing number of infections caused by nonCandida albicans yeast species, establishing definitive breakpoints and the development of specific molecular means of identification can contribute to both successful treatment and a better knowledge on the clinical occurrence of emerging and uncommon opportunistic yeast species.
The limitation of our study was that we utilized only 40 reference strains of Cy. fabianii, W. anomalus, Cy. jadinii, and Cy. mississipiensis, and therefore further experiments in different setups are required.
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